An atmospheric pressure nitrogen/argon plasma flows at high velocity through a water-cooled test-section in which it is forced to recombine within 250 s. At the test-section inlet, the plasma is in Local Thermodynamic Equilibrium (LTE) at about 7200 K. Because recombination rates are finite, the plasma reaches a state of chemical nonequilibrium at the exit of the test-section, at a temperature of about 4715 K. At the test-section exit, the radiation emitted by the plasma, measured by emission spectroscopy, shows significant departures from equilibrium in the populations of the excited electronic states of nitrogen (N 2 B 3  g , N 2 C 3  u ) and of the nitrogen ion (N 2 + B 2  u  ). This experiment is thus proposed as a test-case to validate collisional-radiative (CR) models. A vibrationally specific CR model is then used to predict the emission of these states. The rate coefficients of the model are calculated with the Weighted Rate Coefficient method based on elementary cross-section data. These rates depend explicitly on the kinetic temperatures of electrons (T e ) and heavy species (T g ). The predictions of the CR model are in good agreement with the measured vibrational population distribution in the N 2 B state. A method is then proposed to determine ground state nitrogen atom densities based on the measured vibrational population distribution of the N 2 B state.
Introduction
The chemistry of nonequilibrium molecular plasmas is important to predict nonequilibrium radiation in atmospheric re-entry and to interpret optical diagnostics in applications ranging from material processing or biodecontamination to plasma-assisted combution. Simulating the radiation of recombining plasmas or reentry flows requires to predict the populations of the emitting internal levels of atoms and molecules under nonequilibrium conditions. Various forms of nonequilibrium can exist. We distinguish thermal nonequilibrium, where the kinetic temperature T g of heavy species is different from the kinetic temperature T e of the electrons, and chemical nonequilibrium, where chemical reactions are not equilibrated. Local Thermodynamic Equilibrium (LTE) corresponds to the case of both thermal and chemical equilibrium.
2
The nonequilibrium populations of internal energy states can be determined by solving the so-called master equation, which is a system of coupled state-specific rate equations (collisionalradiative model, or CR). While for atomic species it is usually sufficient to consider 10-100 electronic states, for molecular species a much larger number of rovibronic levels must be taken into account. Many CR models [1] [2] [3] [4] [5] use the simplifying assumption that the rotational and vibrational energy levels of molecules are populated according to Boltzmann distributions at temperatures T r and T v , respectively. In these models, the master equation is solved for electronic levels only, with global rates corresponding to averages over the rovibrational states of each electronic level. Thus these approaches implicitly assume that departures from Boltzmann distributions in the populations of rotational and vibrational levels are small. Yet, departures from Boltzmann distributions, at least in the vibrational levels, are fairly common. Experiments conducted at Stanford University [6] with a nitrogen/argon plasma forced to recombine within 250 s from a state of equilibrium at a temperature of 7200 K to a state of chemical nonequilibrium at 4715 K have shown that the populations of vibrational levels in certain electronic states, in particular the B 3  g of N 2 , can strongly depart from a Boltzmann distribution when the density of atomic nitrogen is higher than its LTE value. To predict nonequilibrium populations, a vibrational state-specific collisional-radiative (CR) model must be used. Most existing vibrational state-specific CR models [7] [8] [9] usually assume that the rotational levels follow a Boltzmann distribution owing to fast rotational relaxation, especially at atmospheric pressure. This assumption is also made in the present work.
In this paper, we first give an overview of the vibrational state-to-state CR model that we have developed for nitrogen plasmas [10] [11] [12] . The second part of the paper presents the recombining nitrogen plasma experiment [6] which is proposed as a test-case to validate nitrogen CR models. The third part compares the vibrational population distributions measured in that experiment with the simulations obtained with the nitrogen CR model. In the last part of the paper, we propose a method to determine absolute ground state N atom densities from the measured nonequilibrium emission of the N 2 B state.
Nitrogen CR model
Details about the nitrogen CR model and derivation of the vibrational state-specific rate coefficients are given by Pierrot et al. [10] [11] [12] . This model was subsequently extended to air plasmas [13] , but these extensions will not presented because the focus of the present paper is on modeling a recombining nitrogen plasma. We give below an overview of the nitrogen CR model and of its capabilities.
Species and energy levels considered
The species considered in the nitrogen CR model are N, N + , N 2 , N 2 + , and electrons. The internal structure of N is accounted for by using the 22 grouped electronic levels of Park [14] . 
Reactions considered
The nitrogen CR model considers approximately 46,000 reactions that are summarized in [insert Table 2 . These reactions include electron-impact ionization, excitation, and dissociation of atoms and molecules, heavy-particle impact dissociation of molecules, as well as electronimpact vibrational excitation of ground state nitrogen (VE transfer), vibrational-translational (VT) and vibrational-vibrational (VV) transfer, charge exchange, dissociative recombination, radiation, and predissociation.
[insert Table 2] Example of rate coefficient calculation: N 2 ground state ionization by electron impact
To illustrate the principles of the vibrationally specific CR model, we present the method of calculation of the rate coefficients for electron-impact ionization of ground state N 2 . We begin by considering the elementary ionization reaction between rovibronic level (X,v",J") of N 2 to level (A,v',J') of N 2 + .
We first determine the rate coefficient of this elementary reaction, and then we average the elementary rate coefficients over all initial (J") and final (J') rotational levels of (X,v") and (A,v') in order to obtain the vibrational state-specific rate coefficients.
Elementary rate coefficients
The elementary rate coefficient of electron-impact ionization of N 2 (X,v",J") into N 2 + (A,v',J'), can be written as: 
where
 is the cross-section of the elementary reaction, m e the electron mass, and  the electron energy. In Eqn. (1), we have implicitly assumed that electrons follow a Maxwellian energy distribution at temperature T e . In passing, we note that all rate coefficients of the CR hal-00669891, version 1 -14 Feb 2012 4 model assume Maxwellian energy distributions for electrons and heavy species at T e and T g , respectively. Although this assumption is not justified in general for electrons, we will see later that it is valid for the conditions of the recombination experiment presented in this paper.
Following Park [14] , we consider that the Franck-Condon principle holds for transitions in molecules caused by collisions with electrons, and that no change in rotational quantum number occurs as a result of such collisions. Accordingly, we write the elementary cross-section of ionization from rovibronic level N 2 (X,v",J") to rovibronic level N 2 + (A',v',J') as:
 is equal to 1 if J" = J' and to 0 otherwise. The reduced cross-section
is calculated with the Binary-Encounter-Bethe (BEB) model of Hwang et al [17] , which provides ionization crosssections within 15% of experimental values for a wide variety of atoms and molecules. The BEB expression is:
where R is the Rydberg constant (13.61 eV), a 0 is the Bohr radius (0.5292 Å), N is the electron occupation number in the shell from which ionization takes place, t stands for / Av'J' Xv"J" E  where  is the kinetic energy of the electron, and u stands for U/ Av'J' Xv"J" E  where U is the average kinetic energy of a bound electron in the shell. The values of N and U are given by Hwang et al [17] for several molecular orbitals of N 2 and O 2 .
Vibrational state-specific rate coefficients To obtain the vibrational state-specific rate coefficients, we sum the elementary rate coefficients over all final rotational levels, and we average over the distribution of initial rotational levels. We assume that the initial rotational levels follow a Boltzmann distribution at rotational temperature T r , which is a reasonable approximation for many molecules of interest (except perhaps the hydrides) owing to fast collisional relaxation at atmospheric pressure. The vibrational state specific rate coefficient is then: We compare in [insert Table 3 Table 3 , the present model predicts a slight increase of the cross-sections with the electron impact energy, whereas the model of Kosarim et al [26] predicts the opposite. Nevertheless, reasonable agreement is obtained overall between the two models since the ionization cross-sections agree within 80% for v=0, and within 30% for v=20. It should be noted that the model of Kosarim et al [26] [insert Table 3] Predissociation rates As will be seen in the analysis of the recombination experiments presented in Sections 3 and 4, predissociation plays a key role on the vibrational population distribution of the B state of N 2 . Therefore, we describe here the method by which these rates are computed in the CR model.
The predissociation rate constants (v,J) of the B state of N 2 are taken from Geisen et al [24] :
where the second term on the right hand side of Eqn. (5) In our CR model, the total predissociation rate constant of a given level v is calculated as a function of T r by averaging the J-dependent values given by Eqn. (5) as follows:
where J min is the minimum rotational quantum number for which the vibrational level considered predissociates. According to Lofthus and Krupenie [28] , these values are J min = 32 for v=12 and J min =0 for v ≥ 13. The summation over J in Eqn. (6) of that level. The predissociation rate constants of v=12, not given by Geisen et al, are assumed to be equal to those of v=13.
[insert Table 4 ]
In summary, we have presented a vibrationally specific CR model for nitrogen plasmas. This model will be applied later in this paper to the analysis of the recombining nitrogen plasma experiment presented next.
Nonequilibrium recombining nitrogen plasma experiment
Experiments were conducted at Stanford University [6] with a recombining atmospheric pressure nitrogen plasma. The experimental set-up is shown in [insert Figure 1. In these experiments, a mixture of ~100 slpm N 2 , ~50 slpm argon, and ~2.3 slpm H 2 was inductively heated with a 50 kW RF plasma torch. Argon was added to stabilize the torch operating conditions, and H 2 was added in order to measure the electron number density from the Starkbroadened H  line. The plasma produced by the torch was accelerated to a velocity of ~1 km/s by passing through a 1 cm diameter torch exit nozzle. From the nozzle, the plasma was then rapidly cooled (within ~250 s) by flowing through a 15 cm-long water-cooled brass testsection. A shorter test-section, 10 cm in length, was also used to obtain intermediate results at a distance of 10 cm from the nozzle exit. Calorimetric measurements were taken on the water flow used to cool the 10 and 15 cm test-sections. The total heat flux removed by the testsections was 2.4 and 4.5 kW (0.1 kW) for the 10-and 15-cm test-sections, respectively. Emission spectroscopy measurements were made using a SPEX model 750M, 0.75-meter, scanning monochromator fitted with a Hamamatsu model R1104 photomultiplier tube. Two 1200 lines/mm gratings blazed at 200 and 500 nm were used to cover the spectral range of the present study. The entrance and exit slits of the monochromator were set to 200 and 400 m, respectively, yielding a trapezoidal slit function of base 0.66 nm and top 0.22 nm. The spectra measured along the diameter of the plasma at the nozzle and test-section exits were calibrated in absolute intensity using two NIST traceable radiance standards: an Optronics model OL550 standard for wavelengths between 300 and 800 nm and a 1-kW Argon Mini-Arc from Arc Applications Research between 200 and 400 nm.
At the exit of the nozzle (position termed 0 cm), several temperature profiles were obtained by Abel-inverting absolute intensity profiles of various emission lines of N, Ar, and H [6] . As can be seen from Fig. 2a , the good agreement among the various temperature profiles indicates that the plasma is close to LTE at the nozzle exit (which is the inlet of the test-section). The maximum temperature at the centerline is approximately 7200 K. A similar technique was applied at the exit of the 10 cm nozzle (Fig. 2b) . At the exit of the 15-cm test-section, a 7 temperature profile was measured by Abel-inverting lateral profiles of the (0,0) band of the N 2 + first negative system, as described also in Ref. [6] . The centerline temperature was found to be 4715±100 K (Fig. 2c) . Subsequent high-resolution spectroscopy measurements [29] using resolved rotational lines of the N 2 + first negative system confirmed these measurements with a measured centerline temperature of 4850±100 K.
[insert Figure 2] At 7200 K, the LTE composition of the plasma is 55% N, 19% N 2 , with a balance of argon and hydrogen. The electron mole fraction is 5.5x10 -4 . At 4715 K, the LTE composition is 63% N 2 , 1.3% N, with a balance of argon and hydrogen, and an electron mole fraction of 3.4x10 -7 .
However, because the plasma residence time within the 15-cm test section, 250 s, is shorter than the characteristic time of atomic nitrogen recombination [30] , the atomic nitrogen population tends to freeze and hence is expected to be higher than its LTE value at the exit of the 15-cm test-section.
Electron number densities were also measured using the Stark broadened H  line at 486 nm, using the technique described in Ref. [31] . The resulting values at 0, 10 and 15 cm are compared in [insert Table 5 with the corresponding LTE number densities at these locations. As can be seen from the table, the electron number density remains close to LTE until at least the exit of the 10 cm test-section. On the other hand, the measured electron number density at 15 cm is about two orders of magnitude larger than the LTE value, consistent with the existence of nonequilibrium conditions at that location.
[insert Table 5 ] We now examine the emission spectra at the various locations. Absolute emission spectra between 280 and 800 nm were measured along the plasma diameter, both at the nozzle exit and at the test-section exits. These measured spectra were then compared with LTE spectra calculated with the line-by-line radiation code SPECAIR [31] using the measured gas temperature profiles.
At the nozzle exit, the measured and LTE spectra are in close agreement (see [insert Figure 3) , which supports the existence of LTE conditions at the nozzle exit. At the 10-cm test section exit, the comparison also indicates that the plasma remains close to LTE. At the 15-cm test-section exit, however, the measured spectrum is more intense than the computed LTE spectrum (see [insert Figure 4 ). In particular, the radiative emission of the first positive system of N 2 , second positive system of N 2 , and first negative system of N 2 + is higher than LTE values by factors of about 6, 30, and 10, respectively. These differences indicate that the populations of the emitting vibrational levels are higher than the corresponding LTE values, and thus that these levels follow nonequilibrium distributions. We will now extract the hal-00669891, version 1 -14 Feb 2012 nonequilibrium vibrational distributions from the measured spectra in order to provide quantitative data to test the CR model.
Note that several bands of NH A-X and OH A-X, the latter coming from some entrainment of ambient air into the plasma plume, were observed in the spectra, and that these bands interfere with the bands of the second positive system of N 2 (C-B transition) and of the first positive system of N 2 + (B-X). For clarity, we have excluded from [insert Figure 4 the regions where these bands appear, but details of the analysis including these bands are given in Appendix A.
[insert Figure 3] [insert Figure 4 ]
The nonequilibrium vibrational population distributions of the observed emitting states at the 15-cm test-section exit were examined. To this end, we multiplied the LTE populations of individual vibrational levels by nonequilibrium factors in SPECAIR, until the predicted spectrum (obtained by solving the radiative transport equation along the plasma diameter) matched the measured spectrum (see Figure 5 ). Note that this procedure assumes that the nonequilibrium factors are uniform along the plasma diameter. However, because the line-of-sight emission is strongly dominated by the emission from the central region of the plasma, the inferred nonequilibrium factors closely reflect the nonequilibrium population distribution at the center of the plasma. These nonequilibrium factors are defined by:
where n v measured and n v LTE stand respectively for the measured and equilibrium (at the local gas temperature) number density in level v of the B state of N 2 . Hence, a nonequilibrium factor greater than unity implies that the vibrational level v is overpopulated with respect to equilibrium at the local gas temperature. vibrational distribution is non-Boltzmann, with a marked peak at v=13. We will now compare these measurements with the predictions of the CR model for the B and C states of N 2 .
[insert Figure 6] 
Analysis of the recombining nitrogen experiments
The nitrogen CR model is used in this section to analyze the recombining nitrogen plasma experiments. We are particularly interested in the nonequilibrium vibrational distribution of the B state of N 2 , which exhibits a peculiar dependence with a peak at v=13. Argon is not included in the CR model, and we make the assumption that it does not significantly affect the populations of the observed nitrogen states. We therefore consider the case of a pure nitrogen plasma in chemical nonequilibrium. The CR model calculations are performed by making use of the quasisteady-state (QSS) approximation, which assumes that all excited levels of atoms and molecules are in steady-state, and equations relative to ground levels are replaced with mass conservation equations.
The input parameters of the model are the temperature T = 4715 K, the pressure p = 1 atm, and the number densities of the different species (e, N 2 , N 2 + , N, and N + ) at the exit of the 15-cm test-section. The electron number density was measured from the Stark-broadened H  line and was found to be 7.3x10 13 cm -3 . The N atom overpopulation factor (recall that we expect an overpopulation of nitrogen atoms owing to the finite rate of nitrogen recombination) has been adjusted to  N = 8.1 in order to obtain the best possible agreement with the peak of the distribution at v=13. This value will be justified later in Section 4. Thus the N density is set to 1.5x10 17 Table 6 .
In general, superelastic and electron-electron collisions can have a strong influence on the electron energy distribution function of nitrogen plasmas at low translational temperatures [32, 33] . However, for the conditions of this experiment, the electron density distribution function can be considered to be Maxwellian, as shown by Capitelli et al [34] . This observation justifies our assumption in the CR model of a Maxwellian electron energy distribution for the calculation of electron-impact rate coefficients.
[insert Table 6]
The computed vibrational overpopulation factors of the B state of N 2 are plotted in [insert Figure 7 together with the measured overpopulation factors. The curve labeled "CR model" was obtained using the baseline rate coefficients of the CR model. This calculation reproduces the general shape of the experimental curve, with a peak at v = 13, but predicts larger overpopulation
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factors at v's above and below 13. Thus we examined the sensitivity of the CR model predictions by varying selected rates.
Curve (a) was calculated by multiplying the N 2 (X-A) and N 2 (X-B) electron-impact excitation and de-excitation rates by a factor of 4, and by dividing the predissociation rate of level N 2 (B,v = 12) by a factor of 5. Note that the value of the N 2 (B,v = 12) predissociation rate used in the baseline CR model is an estimate based on the value measured by Geisen et al. [24] for v = 13, so that the foregoing adjustment to the rate is reasonable. Similarly, the multiplicative factor of 4 for the X-A and X-B excitation rates is not unreasonable, given the uncertainty on cross-sections for these reactions [35] . With these modified rates, good agreement is obtained with the experimental curve for v=0-13.
Curve (b) presents another calculation in which the rates are modified as in curve (a) and predissociation of levels v 14  is neglected. Better agreement with the experimental curve is now obtained for the high-lying levels v 14
 . This result may suggest that the predissociation rates of levels v 14 
are overestimated in the model, but it may also be due to uncertainties on other rates. The SSH-based VT transfer rate, for instance, may be somewhat inaccurate for the high lying levels, and multi-quantum jumps may have to be considered although typically they should be unimportant at the relatively low temperatures considered here [36, 37] . Nevertheless, these discrepancies are not significant because the experimental uncertainties on overpopulation factors of high-lying levels v≥15 are quite large (see [insert Figure 6) .
[insert Figure 7]
The CR model also predicts the populations of additional vibronic states. [insert Figure 8 shows the vibrational overpopulation factors of the X, A, B, W, B, and C states of N 2 as a function of the vibrational quantum number v, calculated with the same modified rates as curve (a) of [insert Figure 7 . The predicted overpopulation factors for the low-lying levels of all states are in the range 2 to 4. The overpopulation factors of the X, A, and C states increase steadily with v to reach values close to 66, i.e. corresponding to dissociation equilibrium (by this, we mean that the last vibrational level below the dissociation limit of a given electronic state is nearly in equilibrium with the dissociation products). The measured overpopulation factors of the C state of N 2 are practically constant with v, whereas the CR model predicts a sharp increase with v. One possible explanation is that we may overestimate the degree of coupling between the last level (v=4) with nitrogen atoms. In the baseline model, we have simply considered that this level, which is known to be subject to predissociation [28] , is fully coupled with the atoms. This assumption appears to be too strong. In addition, it seems important to incorporate in the model the rates of quenching by heavy-particle impact, as well as the rates of V-T and V-V transfer for the C (and B) states of N 2 . According to the measurements of Dilecce et al [38, 39] , these rates are relatively fast and thus could flatten the overpopulation distribution in the C state hal-00669891, version 1 -14 Feb 2012 of N 2 . Finally, the W state overpopulation curve exhibits two inflexion points, and the B state overpopulation curve has a local maximum similar to that of the B state. These behaviors are caused by collisional coupling with the predissociating levels of the B state.
[insert Figure 8] 
Method for measuring N atom densities by emission spectroscopy
Despite the remaining uncertainties on the shape of the vibrational population distribution, the results obtained with the baseline CR model reproduce the observed nonequilibrium distribution of the N 2 B state reasonably well. An interesting result of the analysis presented in the previous section is that vibrational level v=13 of the B state of N 2 appears to be fully coupled with N atoms by predissociation and inverse predissociation. This can be seen by writing the rate equation at steady-state for the population of N 2 , B, v=13:   
The numerical values of the depleting terms that appear in the first bracket, as calculated with the CR model, are listed in [insert Table 7 .
[insert Table 7 ] It can be seen from [insert Table 7 that the predissociation term is about 30 times larger than the sum of the other depletion terms. Similarly, it can be shown that the largest term among the processes populating B,v=13 is the inverse predissociation term. It follows that, at steady-state, Eqn. (8) Equation (12) expresses a very interesting relation, namely that the overpopulation of the N 2 , B,v=13 state is approximately equal to the square of the overpopulation factor of atomic nitrogen in the ground state. In other words, the vibrational state v=13 is in partial equilibrium with nitrogen atoms in their ground state (in the same way as the last vibrational level in any electronic state tends to be in partial equilibrium with the dissociation products issued from this given state). This relation means that it is possible to use emission spectroscopy to infer ground state atomic nitrogen densities. For our experimental conditions, the overpopulation factor of v=13 is measured to be  N2,B, v=13  66±4. Thus the overpopulation of nitrogen atoms is approximately 8.1±0.3. At 4715±100 K, the equilibrium density of nitrogen atoms in the nitrogen/argon plasma mixture is 1.80.410
16 cm -3 . Multiplying this number by the measured overpopulation factor  N , we infer a nonequilibrium nitrogen atom density of 1.50.410 17 cm -3 , which corresponds to a mole faction of about 10% (whereas the LTE mole fraction of atomic nitrogen at 4715 K is only 1.3%). Note that relation (13) is also valid at pressures lower than one atmosphere because the various depletion terms decrease with decreasing pressure and therefore become even more negligible relative to the rate of predissociation. Thus this technique provides a way to measure absolute densities of ground state nitrogen atoms using emission spectroscopy. It could be particularly useful to determine the density of nitrogen atoms in recombining plasmas such as those produced in arcjets.
Conclusions
Because the characterization of re-entry flow radiation by onboard detectors can only be conveniently performed using optical emission spectroscopy, accurate CR models are needed to infer species densities and temperatures from emission measurements. Collisional-radiative models have recently emerged that can predict certain nonequilibrium plasma conditions reasonably well. In this paper, we described a detailed vibrationally specific CR model and we showed how it can be used to understand and predict the nonequilibrium radiation emitted by a recombining nitrogen plasma at atmospheric pressure. One important result was that the nonequilibrium emission from the N 2 B state can be used to measure the density of ground state atomic nitrogen, hence the dissociation fraction of nitrogen in the flow-field. This method complements existing techniques such as VUV absorption and Two-photon Absorption LaserInduced Fluorescence (TALIF). In addition, we have provided an experimental test-case with a plasma flow under well-characterized thermodynamic conditions and with detailed quantitative measurements of nonequilibrium vibrational population distributions in the B and C states of N 2 and in the B state of N 2 + . These data can be used to test advanced CR models.
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13 Uncertainties remain on many of the state-specific reaction rates. Accurate cross-sections are needed, in particular for state-specific electron and heavy-particle impact dissociation and excitation rate coefficients. At low pressure, it is also important to take into account possible departures from a Maxwellian distribution for the free electrons. Finally, additional quantitative measurements in nonequilibrium flows are required to further test and validate the nonequilibrium CR models.
Appendix A
In this appendix, details about the fitting of the nonequilibrium spectra at the exit of the 15 cm test-section are presented. The radiative transitions considered in this analysis are the N 2 first (B-A) and second (C-B) positive systems, the N 2 + first negative system (B-X), the (A-X) transition of OH, and the (A-X) transition of NH. The OH and NH vibrational populations were arbitrarily adjusted to match the features due to these systems in the experimental spectra. 
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